Follow this and additional works at: https://uknowledge.uky.edu/me_facpub 
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
MPa [11] . Comparing to other MSMAs, CoNiAl alloys have relatively inexpensive constituents and their transformation and Curie temperatures can be altered by composition alteration [14] .
It is well known that shape memory response of SMAs are highly temperature, stress and orientation dependent [15, 16] . Temperature dependent superelastic response of CoNiAl polycrystals were studied under compression where two stage phase transformation was observed at room temperature with superelastic strain of 4 % [11] . The orientation dependent behavior of CoNiAl single crystals were studied and it has been found that transformation strain is highly orientation dependent, a large superelastic temperature window of more than 150 °C can be observed in [100] orientation and there is huge tension-compression asymmetry [10, 11, 17, 18] . Moreover, it was revealed that transformation strain decreases with stress and temperature [10] [19] . The [100]-oriented Co 35 Ni 35 Al 30 single crystals were studied as a function of temperature under compressive loading in solutionized and trained (cyclic loading) state conditions [20] . It was reported that training results in austenite stabilization and strengthening, and consequently increase the amount of stress induced martensite which is attributed to the formation of fine coherent precipitates during training. Several studies suggested that the morphology of precipitates and inter-particle spacing influence the martensitic transformation, where the large inter-particle spacing (100-400nm) and surrounding stressed region in the case of CoNiAl alloys [18, 21] favor the nucleation of martensite, raising the M s temperature. During superelasticity, a pronounced decrease of transformation strain with temperature was reported in CoNiGa along the [100] orientation [22] which demonstrates a large superelastic window of more than 385 °C. The decrease in superelastic strain attributed to the single variant formation at low temperature and the formation of multiple variants at high temperature. Although the mechanical characterization in terms of thermal cycling and superelastic behavior of CoNiAl alloys have been reported under compression and tension [10, 11, 17, 23, 24] , orientation and temperature dependent shape memory behavior of CoNiAl alloys have not been systematically studied.
The present study was undertaken on the shape memory and superelasticity behavior of The composition of Co 35 Ni 35 Al 30 was selected to have a low martensite start temperature for easy single crystal growth [14] and observe superelasticity at room temperature for practical M A N U S C R I P T
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applications. The current study also presents the theoretical transformation strain calculations of CoNiAl single crystals for compression. For CoNiAl alloys, B2 austenite has a lattice parameter of a 0 ‫ܣ782.0=‬ ሶ , and L1 0 martensite has lattice parameters of a=0.385‫ܣ‬ ሶ and c=0.314‫ܣ‬ ሶ [10] . The three orientations are selected due to the following facts: the activation of slip systems in B2 phase is difficult in [100] orientation upon loading due to inhibition of the active slip systems of
[100] <001> and [110] <001>, [25] [26] [27] , and the transformation strain is large in [110] orientation and very low in [111] orientation.
Experimental Procedure
CoNiAl alloy was cast to a nominal composition of Co-35Ni-30Al in at. %. Single crystals were grown by using the Bridgman technique in a He atmosphere. The composition of single crystal was determined to be Co-35.32Ni-27.69Al (at. %) using a Zeiss EVO MA 10 scanning electron microscope (SEM) equipped with an energy dispersive X-Ray spectroscopy (EDX) microanalysis system. Compression samples (4mm x 4mm x 8mm) were cut using electro-discharge machining (EDM) such that their compression axes are along the [100], [110] and [111] directions in B2 phase. Specimens were initially homogenized at 1350 °C for 6 hours in sealed quartz tubes filled with argon and followed by water-quenching at room temperature.
CoNiAl single crystal alloys present a single B2 phase at room temperature after annealing and it transforms into a tetragonal L1 0 martensite phase. The transformation temperatures of the twophase alloy were determined by using Perkin-Elmer Pyris 1 differential scanning calorimetry (DSC) with thermal cycling rate of 10 °C min -1 . Mechanical experiments were conducted using an MTS Landmark servohydraulic test frame equipped with customized compression and tension grips. The applied force was controlled by a 100 kN capable load cell (precision: + 0.1 N), and the axial strains were measured with a high-temperature MTS extensometer. The heating/cooling of the samples was achieved by conduction through compression plates at the rates of 10 °C min -1 during heating and -5 °C min -1 during cooling by using a PID driven Omega CN8200 series temperature controller.
Results
In this section, the compressive response of CoNiAl single crystals will be revealed along the selected orientations. Two types of experiment were carried out; 1) thermal cycling under M A N U S C R I P T A C C E P T E D and ߝ ௌொ . Temperature hysteresis was determined graphically at the midpoint of the total strain, and measured by the temperature differences between the heating and cooling curves. Figure 3b is used to determine the compressive superelastic strain at plateau region (ߝ ௌா ) and under zero stress (ߝ ௌா ) graphically, as well as the Young's moduli of austenite and martensite phases. The critical stress (σ c ) was determined by using the intersection method shown in Figure 3b . 
) and type II (ߝ ௌொ ூூ ) strains were determined by using the method shown in Figure 3a . The total stain is the sum of those two strains. Figure. 3. Schematic of strain calculation from a) SME and b) superelasticity.
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3.2.Two-way Shape Memory Effect
After thermal cycling under compressive stress responses shown in Figure 
3.3.Superelasticity
Figures 5a shows the selected temperature dependent superelastic response of [100] oriented single crystal in compression. The superelastic response was determined from 0 ºC to an elevated temperature of 350 °C. The single crystal of [100] was first loaded to a total strain of 4 % and then unloaded at a constant temperature 0 ºC. Almost perfect shape recovery was observed upon unloading. Then, the temperature was increased by 20 ºC up to 100 ºC and 50 ºC afterwards where the loading/unloading was repeated isothermally. Perfect superelastic behavior was observed for a very large temperature window of 350 ºC. The critical stress for phase transformation was increased while transformation strain was decreased with temperature. Figure   5a clearly showed a strong temperature dependent superelastic behavior. The slope during the transformation (m tr ) was low at low temperatures (< 40 ºC), and increased with temperature. This behavior can be attributed to the increased difficulty for phase transformation and detwinning [32] . Moreover, the results are in good agreement with the incremental shape memory behavior observed in Figure 2a . M A N U S C R I P T
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orientation which is more than two times larger than what was reported before for CoNiAl alloys [11] and similar to CoNiGa alloys [22] . Since SE tests were conducted under strain control, the decrease of stress is detected. If force control was used instead of strain control, it would show a burst type transformation behavior at the plateau region similar to ones observed at force controlled SME tests. Stress hysteresis increased dramatically from 16 MPa at 57 ºC to 250 MPa at 307 ºC. Perfect superelasticity was observed till 307 °C. At higher temperatures, small irrecoverable strain was detected. At high temperature of 407 ºC, with a 2 % strain deformation, maximum stress was reached to 1.2 GPa and perfect superelasticity was again attained with large stress hysteresis. The SE temperature window of [110] was found to be higher than 350 °C. Moreover, high strength for plastic deformation (>1200 MPa) was revealed in both [100] and [110] The transformation strain at the plateau region of SE decreased with temperature. Such a behavior can be attributed to the formation of multiple variants which enhanced the variantvariant interaction at high temperature [22] and change in lattice parameters with temperature. noted that E A is higher than E M in NiTi alloys [41] . 
4.2.Transformation Strain
The ߝ ௌொ were extracted from Figures 2, and plotted as a function of applied stress in MPa, respectively. The decrease in recoverable strain with stress or temperature can be attributed
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to the large changes in lattice parameters and elastic moduli with temperature and the difference in Young's moduli of austenite and martensite phases.
It should be noted that at the plateau region, both austenite and martensite phases are compressed, thus they are elastically deformed. Figure 7 by using the critical stress for transformation and temperature from superelasticity experiments shown in Figure 5 . 
Where ‫ܧ‬ ் is the Young's modulus of austenite and ‫ܧ‬ ெ ் is the Young's modulus of martensite, and ߪ is the critical stress for phase transformation.
In [110] at 57 ºC, ߪ is 145 MPa, ߝ ௌா is 2.91 %, E A is 13.3 GPa and E M is 44.7 GPa. Thus, the ߝ ௌா can be determined as 3.67 % which is higher than ߝ ௌா of 2.91 % and close to the experimental measurement of ߝ ௌா of 3.35 %. The error can attributed to inaccurate determination of ߝ ௌா due to the lack of flat plateau region. Similar to the superelastic strain equation, the calculated SME strain under zero stress (ߝ ௌொ ) can be estimated as;
Where ߪ is the applied constant stress, ‫ܧ‬ (ܶ) and ‫ܧ‬ ெ (ܶ) are the elastic moduli of austenite and martensite, respectively, at the temperature where the ߝ ௌொ was determined. ߝ ௌொ for [100] and . In detail, ߝ ௌொ is the recoverable strain measured from SME under stress, ߝ ௌொ is the corrected SME strain under zero stress, ߝ ௌா is the strain measured from SE at plateau region, ߝ ௌா is the strain measured from SE under zero stress.
Transformation strain is generated from the crystal structural difference between martensite and austenite phases. In this study, as shown by Figure 7 , the degree of the change of strain with temperature in superelasticity and with stress in shape memory response are orientation dependent (the slope of the ߝ ௌொ and stress were -4.41x 10 ିଷ %/MPa, -6.50 x 10 ିଷ %/MPa for [100] and [110] , respectively, for the stress levels above 50 MPa), which had already been reported in Cobalt based alloys [10, 23] . However, it should be noted that the strain increases with temperature/stress in NiTi while it decreases in CoNiAl [29] . Combined with equation (1), a schematic is provided to explain the decrease in transformation strain with stress in Figure 8 . The decrease in ߝ ௌா in CoNiAl alloys along the [100] and [110] orientations is mainly due to fact that the E A is considerable lower than E M . In NiTi, the E A is higher than E M , resulting in increased ߝ ௌா with stress as shown by the schematic in Figure 8b . It should be kept in mind that critical stress of transformation increases with temperature and elastic moduli of M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
transforming phases change with temperature as well. Thus, the combined effects of those two facts govern the change in ߝ ௌா . In CoNiAl, the difference in elastic moduli of transforming phases is very high but ߪ is low at temperatures close to M s . As temperature increases, the difference in elastic moduli of transforming phases decrease but ߪ increases. Thus, ߝ ௌா is governed by those two competing facts. Lastly, it should be noted that in all cases the corrected recoverable strain decreases with temperature which can be attributed the change in lattice parameters. From the SME experiments, C-C slopes were determined as 1. orientation results in the lack of SE as ߪ increases rapidly with temperature and reaches to the critical stress for plastic deformation at temperatures above A f .
According to the C-C slop from Eq (3), we can calculate the stress change (∆σ) between prior to the thermal cycling and after TWSME. As shown in Figure 1 Figure 10 shows the thermal hysteresis of three orientations as a function of applied stress. The change in thermal hysteresis with stress has a similar trend as the recoverable strain, where the thermal hysteresis increase at low stress region and then decrease with stress. In Figure   10 orientation, the transformation behavior happens gradually with a smooth transition at each stress level, indicating stored elastic energy. However, the transformation occurs in a very sudden manner at low stress levels in [110] . This burst type response indicates the absence of stored elastic energy where once the energy required for nucleation of martensite is achieved, a sudden M A N U S C R I P T
4.4.Thermal and Stress Hysteresis
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transformation is observed. The orientation dependence of thermal hysteresis can mainly be attributed due to the difference of elastic energy relaxed during forward transformation [10] .
The effects of lattice parameters on the thermal hysteresis were reported before [45] . It was found that lattice parameters governs the compatibility between the transforming phases and thermal hysteresis. In CoNiAl single crystals, the large decrease of thermal hysteresis with temperature can be attributed to the effects of temperature and stress to lattice parameters and crystal structure that govern the compatibility of transforming phases. The increase in thermal hysteresis at high stress levels is due to the increased plastic strain and dissipation energy. Figure 5a due to the lack of plateau regions for both forward and backward transformations. As mentioned before, at low temperatures, stress decrease and increase abruptly during forward and backward transformation, respectively, in [110] . The observation of the first stress drop after reaching to the stress required for transforming phases was also observed in polycrystalline Co 38 Ni 33 Al 29 alloys at room temperature [11] and it is attributed to the differences between the stresses required for nucleation and propagation [11] . The first stress drop can also be attributed to the differences of the speed of the phase front and cross head motion [46] , where the phase boundary moves faster than the cross head, resulting the stress drop. The second drop can be linked to the nucleation and propagation of another phase front and/or detwinning. The stress drop in superelasticity can be correlated with the responses observed during the thermal cycling experiments shown in Figure 2b . In [110], Type I (burst type) deformation was observed at low stress levels which corresponds to stress drops in Figure 5b at low temperatures.
Eventually, thermal cycling under stress becomes Type I+II behavior at higher stress level in 
Theoretical Strain Calculation
The transformation strain of SMAs is governed by the crystal structure and lattice parameters of transforming phases. The theoretical transformation strain as a function of crystallographic orientation can be calculated by using the framework based on the "Energy Minimization Theory" [47, 48] . For CoNiAl alloys, B2 austenite has a lattice parameter of a 0 ‫ܣ782.0=‬ ሶ , and L1 0 martensite has lattice parameters of a=0.385‫ܣ‬ ሶ and c=0.314‫ܣ‬ ሶ [10] . [49] . The detwinning produces additional recoverable strain, especially in tension.
The maximum experimental recoverable strains observed in shape memory and superelastic tests are also listed, as well as the projected SME strain. As shown in Table 1 , the experimental SME strains are very close to the maximum SE strains (under zero stress). The projected SME strains measured from Figure 7 although the experimental SME strain is lower than the theoretical strain due to the stress/ temperature effect, the projected SME strain (4.43 %) which is the corrected value at zero stress, closes to the theoretical number in both CVP (5.01 %) and Detwinned (5.01 %). It is hard to predict the transforming type by only comparing the experimental and theoretical strain values since they are very close. However, the inconspicuous type I+II behavior compared with [110] orientation shows that the transformation might have contributions from both CVP and Detwinned. In [110], the projected SME strain (4.85 %) almost equals to the theoretical Detwinned value (5.01) and the burst type strain (type I) is close to the theoretical CVP number Moreover, the SME/SE experiment also shows those two types transformation profoundly at low stress/ temperature. The experimental SME strain in [111] is almost negligible compared with other two orientations, and it is reasonable when compare to theoretical strains. orientations.
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• CoNiAl demonstrates two-way shape memory effect with narrow thermal hysteresis after thermal cycling experiments.
• Phase diagram of CoNiAl shows a wide range of superelastic window
